Vagotomy (VGX) increases the susceptibility to develop colitis suggesting a crucial role for the cholinergic anti-inflammatory pathway in the regulation of the immune responses. Since oral tolerance and the generation of regulatory T cells (Tregs) are crucial to preserve mucosal immune homeostasis, we studied the effect of vagotomy and the involvement of α7 nicotinic receptors (α7nAChR) at the steady state and during colitis. Therefore, the development of both oral tolerance and colitis (induced by dextran sulfate sodium (DSS) or via T cell transfer) was studied in vagotomized mice and in α7nAChR -/-mice. VGX, but not α7nAChR deficiency, prevented oral tolerance establishment. This effect was associated with reduced Treg conversion in the lamina propria and mesenteric lymphnodes. To the same extent, vagotomized mice, but not α7nAChR -/-mice, developed a more severe DSS colitis compared with control mice treated with DSS, associated with a decreased number of colonic Tregs. However, neither VGX nor absence of α7nAChR in recipient mice affected colitis development in the T cell transfer model. In line, deficiency of α7nAChR exclusively in T cells did not influence the development of colitis induced by T cell transfer. Our results indicate a key role for the vagal intestinal innervation in the development of oral tolerance and colitis, most likely by modulating induction of Tregs independently of α7nAChR. online address: http://www.molmed.org
exerts its antiinflammatory effect in the intestinal muscularis externa by activating cholinergic enteric neurons in close contact with CX3CR1 high α7nAChR + resident Mϕs (6) . Thus, cholinergic innervation has a major impact on the immune system in the intestinal muscularis. Moreover, vagotomy (VGX) has been reported to increase the basal expression of NF-kB and the production of proinflammatory cytokines in the lamina propria and to increase the susceptibility to develop colitis in murine models (7) (8) (9) (10) (11) (12) (13) . In fact, macroscopic and microscopic parameters such as histologic scores, myeloperoxidase activity and levels of proinflammatory cytokines in colon were increased in vagotomized mice during chemically and hapten-induced colitis (8) . However, the exact mechanism underlying this increased susceptibility to develop colitis is still unclear. In the present study, we hypothesized that increased susceptibility to develop colitis following cholinergic antiinflammatory pathway (CAIP), resulted in inhibition of splenic macrophages (Mϕs) through the activation of alpha7 nicotinic acetylcholine receptors (α7nAChR) (3, 4) . In 2005, we extended this concept to the gastrointestinal (GI) tract showing that VNS reduced inflammation and restored GI transit in a murine model of postoperative ileus (POI) (5) . In the context of POI, we recently demonstrated that VNS inTRoDuCTion Recent studies have now undoubtedly demonstrated that the nervous system extensively interacts with the immune system to modulate systemic and peripheral inflammation (1) . In 2000, Tracey and co-workers elegantly showed that vagus nerve stimulation (VNS) reduced proinflammatory cytokine release and increased survival in a model of sepsis (2) . This antiinflammatory effect, called OVA-specific delayed-type hypersensitivity (DTH) was determined by footpad swelling 48 h after challenge. Footpad swelling was measured in a blinded fashion prior to and 48 h after injection with an electronic digital micrometer. OVA-specific footpad swelling was calculated as footpad thickness 48 hfootpad thickness 0 h and used as readout for immune tolerance to OVA.
T regulatory cell conversion assay.
To study antigen-specific T regulatory cells conversion in vivo, α7nAChR
+/+ , α7nAChR -/-, vagotomy (VGX) and PP mice were adoptively transferred with 3.5 × 10 6 naïve OVA-specific CD4 + CD45.1 + T cells isolated from the spleen of OTII Ly5.1 mice. Briefly, CD4 + CD25 -T cells from OTII Ly5.1 mice were isolated and enriched from splenocytes using magnetic beads (MiltenyiBiotec). The enriched cells were adoptively transferred into syngeneic recipient mice according to the experiment. The first and second day after injection, mice were fed with 50 mg of OVA (grade III; Sigma-Aldrich). Five and twelve days after injection, mice were sacrificed and small intestine lamina propria and MLNs were collected from CD45.2 + hosts mice.
Flow cytometry analysis of T cells was performed by quantification of proliferation of OVA-specific CD45. ) mice were bred at the KU Leuven animal facility in a pathogen-free environment maintained at 22°C in ≈ 50% relative humidity and with a 12-h light/dark cycle, while wild-type mice (WT, C57BL/6JOlaHsd) were purchased from Harlan. Mice were housed with ad libitum access to standard rodent food and water and were genotyped by PCR on total genomic DNA from the tail. All experimental procedures were approved by the Animal Care and Animal Experiments Committee of the KU Leuven (Leuven, Belgium).
Experimental Protocols
Vagotomy procedure. Mice were anesthetized by intraperitoneal (i.p.) injection of a mixture of Ketamine (Ketalar 100 mg/kg; Pfizer) and Xylazine (Rompun 10 mg/kg; Bayer). The skin and abdominal wall were incised along the ventral midline, and the intestines were moved aside to allow access to the left lateral lobe of the liver and the stomach. The left lateral lobe of the liver was gently retracted and stomach pulled down beneath the diaphragm to clearly expose both vagal trunks, which were then transected. All connective tissue surrounding the esophagus was removed to ensure transection of all vagal branches. The surgical pyloroplasty (PP) was used to avoid gastric dilatation due to vagotomy. As control group, mice were subjected to PP alone and vagal trunks exposed but not transected. The complete resection of both the ventral and dorsal truncal branches of the subdiaphragmatic vagus was assessed at the end of each experiment in every animal included in the study using a dissection microscope.
VGX may result from alteration of regulatory T cells (Tregs) population.
Tregs are involved in the control of mucosal immune responses preventing the development of chronic intestinal inflammation as in colitis. Tregs are abundantly distributed in the lamina propria of the small intestine and colon, in which they control the immune response against dietary and microbial antigens. Tregs significantly contribute to mucosal immune homeostasis through the installation of oral tolerance, a phenomenon in which local and systemic immune unresponsiveness is induced by oral administration of an innocuous antigen (14 Statistics. The Mann Whitney test unpaired Student t test was used to evaluate differences between two experimental groups after checking for normal distribution of data. Statistical significance of Kaplan-Meier survival curves was determined with Log-rank (Mantel-Cox) Test. Significant differences between groups are indicated (*P < 0.05; **P < 0.01; *** P < 0.001). Statistical analysis was performed using GraphPad Prism software (Graphpad Software Inc). In experimental colitis models, body weight changes and stool consistency scores over time were compared between the two treatments (PP versus VGX or WT versus KO) using a multivariate linear model for longitudinal measurements (SAS-procedure PROC MIXED) with a heterogeneous autoregressive (firstorder) covariance structure. The choice for the covariance structure was based with the Fix/Perm buffer (eBioscience). Permeabilized cells were stained for FoxP3 (FJK-16s; eBioscience) according to the manufacturer's instructions. Samples were acquired with FACSCanto II (BD Biosciences) and analyzed with FlowJo (Treestar).
Experimental colitis. Chemicallyinduced colitis was induced in VGX, PP, α7nAChR
-/-and α7nAChR +/+ mice.
Mice were treated with 2% dextran sulfate sodium (DSS, TdB Consultancy AB) in drinking water for 5 d followed by normal drinking water until d 14. Body weight and stool consistency score were monitored daily (20) . Stool consistency score was evaluated daily for the DSS colitis model and twice per week for the T cell transfer model of chronic colitis. Scoring for stool consistency was performed as follows: 0, normal stool; 1, loose stool; 2, diarrhea; 3, mucus in diarrhea (20) . Isolation of leukocyte subpopulations and flow cytometry analysis. Cell suspensions were prepared from the colon lamina propria, small intestine lamina propria and MLNs as previously described (22) . For FoxP3 staining, cells were initially stained for the surface markers CD4 and CD25. Subsequently, cells were fixed and permeabilized with Fix/Perm buffer (eBioscience). Statistical significance was determined with unpaired Student t-test (*P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant).
Conversion of antigen-specific
Regulatory T Cells and induction of oral Tolerance are independent of `7naChR As the previous experiments revealed an important role of the vagal innervation in oral tolerance and DSS colitis, we further investigated the potential role of α7nAChR. To this end, oral tolerance was induced in α7nAChR -/-and α7nAChR
mice. Oral gavage of OVA prevented footpad swelling to the same extent in both α7nAChR -/-and α7nAChR
mice assessed 48 h after s.c. injection of OVA ( Figure 4A ). Moreover, the ability to convert antigen-specific naïve T cells into antigen-specific Tregs was evaluated by flow cytometry analysis of T cell subsets in the small intestine lamina propria and MLNs. Frequencies of OVA-specific naïve T cells isolated from α7nAChR -/-and α7nAChR +/+ mice were similar in the small intestine lamina propria ( Figure 4B ) and MLNs ( Figure 4C ). In addition, the frequency of OVA-specific Tregs in the small intestine lamina propria and MLNs was similar in both groups ( Figure 4B , C), indicating that α7nAChR does not affect the conversion of naïve T cells into Tregs. Consistently, α7nAChR -/-mice showed no differences in the ability of resident T helper cell to polarize into Tregs in the small intestine lamina propria ( Supplementary Figure S4) , suggesting that α7nAChR is not crucial for the polarization of naïve T cells into T regulatory.
Development of Both acute (DSS)
and Chronic (T Cell Transfer) Colitis is independent of `7naChR DSS colitis. Both α7nAChR +/+ and α7nAChR -/-mice presented similar severity of DSS colitis, as shown by comparable body weight loss and stool consistency score ( Figure 5A , B). The severity of colitis was highest for both groups on d 8 (α7nAChR +/+ 87, 6% ± 6, 6% versus α7nAChR -/-90, 6% ± 6, 9% of initial body weight, Figure 5A ) after which mice recovered in the following days. On d 14, colon length and spleen weight ( Figure 5C ) as well as proinflammatory gene expression ( Figure 5D ) were not significantly Figure S3A ) and proinflammatory cytokine gene expression. However, il1a and tbet reach significantly higher expression levels in VGX mice (Supplementary Figure S3B) . Interestingly, colonic CD4 + T cells were significantly increased (PP 5,7% ± 0,7% versus VGX 8% ± 1.1%; **, P = 0,0057), while Tregs were decreased in VGX mice (VGX 3.4% ± 0,3% versus PP6, 2% ± 0,6%; *, P = 0,0239), confirming that VGX mice developed more severe inflammation ( Figure 2D ). . On the contrary, mice subjected to VGX presented more severe colitis and even failed to survive the DSS treatment ( Figure 2C ). Altogether, these data demonstrate that VGX worsens DSS-induced colitis during both the acute and the recovery phase. T cell transfer colitis. WT→VGX-Rag1 and WT→PP-Rag1 mice developed equal disease severity with comparable body weight loss ( Figure 3A) . Moreover, 8 wks after T cell transfer both groups presented comparable colon length and spleen weight ( Figure 3B ). Accordingly, no significant differences in gene expression of proinflammatory cytokines (tnfa, Il6, Il1a, tbet, infg, rorc and Il17a) were measured in colonic tissue between WT→VGX-Rag1 and WT→PP-Rag1 mice ( Figure 3C ). Eventually, using flow cytometry, we showed that the proportion of proinflammatory T cells Figure 3D ). Thus, our data showed that unlike DSS colitis, VGX did not worsen chronic colitis induced via T cell transfer.
Tregs at d 12 compared with d 5 following oral antigen exposure (23) . Based on this study, OVA-specific naïve T cells isolated from OT-II mice were adoptively transferred into syngeneic VGX and PP recipient mice to evaluate the conversion and accumulation of OVA-specific Tregs at d 5 and 12 following exposure to OVA in both VGX and PP groups ( Figure 1C ). FACS analysis of single cell suspensions isolated from the small intestine lamina propria ( Figure 1D ) and MLNs ( Figure 1E DSS colitis. To investigate the effects of VGX on the development of colitis, mice underwent PP alone or in combination with VGX. Both groups were treated with 2% DSS in drinking water. Both groups lost body weight from d 5 onwards and showed alterations in stool consistency from d 4. As expected, VGX mice lost more body weight than PP alone mice, but differences only reached statistically significance at d 10, 11, 12,13 and 14 after DSS treatment started (Figure 2A ). In addition, VGX mice presented significant higher stool consistency score compared with PP alone mice ( Figure 2B) .
To evaluate the degree of inflammation in VGX and PP mice during the acute phase of colitis, a set of animals was sacrificed at d 7. At this time point, PP and VGX mice showed similar colon length, spleen weight (Supplementary both groups showed body weight loss with a similar time course and severity. Moreover, 10 wks after T cell adoptive transfer, colon length and spleen weight were not significantly different ( Figure 6B ). In line, inflammatory cytokine gene T cell transfer colitis. To unravel the role of α7nAChR on T cells during colitis, Rag1 -/-mice were injected with naïve T cells isolated from the spleen of α7nAChR +/+ or α7nAChR -/-mice using cell sorting. As shown in Figure 6A , different between α7nAChR +/+ and α7nAChR -/-mice. These data indicate that α7nAChR signaling does not play a major role in the establishment of the vagal anti-inflammatory effect during DSS colitis. not influence T cell conversion, T cell proliferation and expansion in the gut during inflammation. To evaluate whether other cells than T cells may be modulated through revealed equal proportion of Th1 and Th17 and Tregs in the colonic lamina propria ( Figure 6D ) and MLNs (data not shown). Overall, these data indicate that the absence of α7nAChR on T cells does expression (tnfa, Il6, Il1a, tbet, infg, rorc and Il17a) was similar in α7nACh-R +/+ →Rag1 and α7nAChR -/-→Rag1 mice ( Figure 6C ). Finally, flow cytometric analysis of colonic single cell suspensions Figure 7A ). Five weeks after T cell adoptive transfer, mice were sacrificed and disease severity was assessed. Both groups showed similar colon length and spleen weight ( Figure 7B ). Gene expression levels of proinflammatory cytokines in the colon were comparable between WT → α7nAChR -/-Rag1 -/-and WT → α7nACh- Figure 7C ). In addition, the percentage of T helper cells and Tregs in the colonic lamina propria ( Figure 7D ) and MLNs (data not shown) were not significantly different, suggesting that α7nAChR is not involved in the endogenous vagal modulation of intestinal inflammation.
DiSCuSSion
Although the interaction between the vagus nerve and the immune system has been extensively studied, the exact mechanism leading to an increased susceptibility to develop colitis following VGX still needs to be clarified (4) . Here, we investigated the possible impact of VGX on oral tolerance, the conversion process of Tregs cells and the development of colitis. We showed that VGX disturbs the establishment of oral tolerance, interfering with the induction and expansion of Tregs in the MLNs and in the intestinal lamina propria. Moreover, we confirmed that reduction of Tregs conversion in VGX-mice was associated with an increased susceptibility to develop acute DSS-induced acute colitis, but did not alter the course of T cell transfer-induced chronic colitis. Of note, absence of α7nAChR failed to affect the development of both oral tolerance and colitis. Based on these data, we concluded that the endogenous vagal input to the intestinal mucosal immune system plays an important role in the induction survival and proliferation of the incoming Tregs by releasing high amounts of IL-10. In fact, CX 3 CR 1 -deficient mice show reduced production of IL-10 in the lamina propria, and a reduced number of intestinal Tregs at 12 d following oral exposure to OVA and thus fail to develop oral tolerance (23) . Based on this study, we evaluated the number of Tregs at d 5 and 12 following exposure to OVA in VGX and PP mice. Here, we show for the first time that VGX impairs the ability to develop oral tolerance, a finding that is associated with a reduction in Tregs in the lamina propria and in MLNs. Of note, the proportion of Tregs at d 12 was significantly reduced in both lamina propria and MLNs, suggesting that the survival and/or proliferation of Tregs was compromised in VGX mice. As Hadis et al.
showed that CX 3 CR 1 + Mϕs releasing high levels of IL-10 play a major role in this process, one can speculate that the vagal input or cholinergic tone is involved in driving the IL-10 production of these immune cells. This hypothesis is indirectly supported by our finding that, similar to the resident macrophages in the muscularis externa (6), CX 3 CR 1 + Mϕs are in close proximity of ChAT + neuronal fibers also in the intestinal mucosa. Based on the above, we speculate that VGX affects induction of oral tolerance by primarily reducing conversion of Tregs in the lamina propria and in the MLNs. Further studies will have to clarify whether the reduced cholinergic input to the resident CX 3 CR 1 + macrophages cells or the direct effect of acetylcholine on Tregs is responsible for the alteration in oral tolerance. In addition to oral tolerance installation, Tregs are also necessary to control and resolve intestinal inflammation thus suggesting that reduce Tregs conversion in VGX mice may predispose to colitis (25) . In line with previous studies (8) (9) (10) (11) 26) , we showed that VGX mice are more susceptible to DSS colitis. During acute DSS colitis, VGX mice lost more body weight and showed higher stool consistency score. Moreover, these mice had less colonic Tregs and showed a decrease in IL-10 expressing CD64 + macrophages by the lamina propria microenvironment. of oral tolerance and acute colitis in a α7nAChR-independent manner. Installation of oral tolerance implicates active regulatory processes including the induction of antigen-specific Tregs. Tregs are essential to prevent immune responses against food and commensal antigens (24) . In the GI tract, expansion of antigen-specific Tregs is tightly regulated . This observation is in line with a previous report by van der Kleij H et al., showing that VGX had no effect in chronic model of colitis (28) . Interestingly, these data are in contrast with the worsening effect of VGX in DSS colitis models. It should be emphasized that the mechanisms involved in these two models differ substantially. DSS treatment typically causes disruption of the mucosal barrier triggering a complex immune response against intraluminal antigens, a process mainly mediated by activation of lamina propria Mϕs (29) . The latter represent both the target population of the cholinergic immunomodulation (6, 30) and crucial player in Treg proliferation (23) , most likely explaining the increased severity of DSS colitis following VGX. In contrast, T cell transfer model of chronic colitis is associated with uncontrolled proliferation and activation of T cells transferred into an immune-deficient recipient, with accumulation of effector Th1 and Th17 cells in the intestine (31) . Second, and most importantly, previous experiments elegantly showed that increased susceptibility to develop colitis following VGX only lasts 2-3 wks due to a compensatory increase in cholinergic tone generated by the enteric nervous system (26) . As the onset of colitis only becomes obvious 2-3 wks following T cell transfer, the effect of VGX on the development of colitis will be minimal or even absent. Future experiments evaluating the effect of repetitive VNS on T cell transfer colitis may be better suited to evaluate the potential immunomodulatory effect of cholinergic input, but this approach is currently technically not feasible.
Considering the key role of α7nAChR in the cholinergic anti-inflammatory pathway, we performed investigations on α7nAChR -/-mice to determine the importance of this receptor in the intestinal mucosal immune compartment during both oral tolerance induction and colitis. On the contrary, to data reported in postoperative ileus and sepsis, α7nAChR was not involved Treg-to-Th17 ratio in MLNs in a rat model of trauma/hemorrhagic shock (27) . Although our results support the hypothesis that the vagus nerve plays a role in the maintenance of intestinal immune homeostasis, VGX did not influence severity of T cell transfer model of chronic colitis. Indeed, disease activity and body weight loss were similar in in MLNs, confirming that impairment of vagal tone might affect Treg expansion. Our findings are in line with a previous study showing that VGX resulted in increased basal levels of NF-κB, leading to a more severe colitis after colonic exposure to DSS (7) . Similarly, Morishita et al. recently showed that electrical stimulation of the vagus nerve increased the β2 nicotinic receptors (β2nAChR) have indeed been detected on Mϕs, while a β2nAChR agonist inhibited ATP-induced Mϕs activation in the stomach (37) . Similarly, α4β2 nicotinic receptor activation inhibits isolated intestinal and peritoneal Mϕs (38) and α5 nicotinic receptor knockout mice showed a significant worsening of disease compared with WT mice during colitis (39) .
ConCluSion
Overall, our results showed that VGX impaired oral tolerance induction, decreased proliferation of Tregs and exacerbated DSS colitis, suggesting the vagus nerve is an important player in the intestinal immune homeostasis. Our findings have translational implications and indeed suggest that activation of the CAIP might be useful as a therapeutic tool to prevent diseases associated with intestinal inflammation and impaired oral tolerance. However, the underlying mechanisms such as the receptor involved need to be further investigated.
aCKnoWlEDGMEnTS
The severity of depression-induced colitis (11), treatment with specific α7nAChR agonists (AR-R17779 and GSK1345038A) reduced inflammation such as NF-κB activity and cytokines but aggravated clinical parameters of DSS and TNBS colitis (36) . In addition, α7nAChR agonists reduced IL-12p70 and IL-23 production by CD11c + DCs and their ability to prime T cells in vitro (12, 13) . Overall, our data fail to support a fundamental role for α7nAChR in modulating intestinal mucosal immune response. Although we showed a significant immunomodulatory role for the vagus nerve in both oral tolerance and colitis, our data suggest the involvement of other neuro-receptors. In line, activation of the M1 muscarinic acetylcholine receptor or treatment with acetyl-cholinesterase inhibitors reduced the immune response in colitis models (12, 13) , indicating that not only nicotinic receptors agonist can modulate colitis. In addition, a possible redundancy between the different nicotinic receptors could explain our results.
